Abstract SSM/I sea ice concentration and CLARA black-sky composite albedo were used to estimate sea ice albedo in the region 708N-828N, 1308W-1808W. The long-term trends and seasonal evolutions of ice concentration, composite albedo, and ice albedo were then obtained. In July-August 1982, the linear trend of the composite albedo and the ice albedo was 20.069 and 20.046 units per decade, respectively. During 1 June to 19 August, melting of sea ice resulted in an increase of solar heat input to the ice-ocean system by 282 MJÁm 22 from 1982 to 2009. However, because of the counter-balancing effects of the loss of sea ice area and the enhanced ice surface melting, the trend of solar heat input to the ice was insignificant. The summer evolution of ice albedo matched the ice surface melting and ponding well at basin scale. The ice albedo showed a large difference between the multiyear and first-year ice because the latter melted completely by the end of a melt season. At the SHEBA geolocations, a distinct change in the ice albedo has occurred since 2007, because most of the multiyear ice has been replaced by first-year ice. A positive polarity in the Arctic Dipole Anomaly could be partly responsible for the rapid loss of summer ice within the study region in the recent years by bringing warmer air masses from the south and advecting more ice toward the north. Both these effects would enhance ice-albedo feedback.
Introduction
Although the rate of global warming has slowed during the last decade [Kosaka and Xie, 2013] , Arctic air temperature has continued to increase at more than twice the global rate, which is a phenomenon referred to as Arctic Amplification [Serreze and Barry, 2011] . Reduced summer albedo caused by sea ice retreat and surface melting is one of major causes of Arctic Amplification [Screen and Simmonds, 2010; Pithan and Mauritsen, 2014] . The darkening of the Arctic Ocean surface, resulting from the decrease of albedo, introduced an additional 6.4 6 0.9 W/m 2 of annual average solar heat input into the ocean from 1979 to 2011 [Pistone et al., 2014] . Averaged over the globe, this corresponds to a forcing equal to 25% of that caused by increased emissions of CO 2 [Pistone et al., 2014] .
The most significant decline of summer Arctic sea ice extent has occurred in the Pacific sector from the Beaufort Sea to the East Siberian Sea [Xia et al., 2014] . Sea ice surface melting in the Beaufort Sea remarkably exceeded that of the central Arctic Ocean [Perovich and Richter-Menge, 2016] . Consequently, both the decrease in the regional composite albedo and the increase in the solar radiation transmittance through the ice in this sector were much more distinct than in other Arctic sectors [Nicolaus et al., 2012; Arndt and Nicolaus, 2014; Pistone et al., 2014] . Therefore, to analyze the change in Arctic sea ice albedo, this study focused on the region of 1308W-1808W in the Pacific sector.
In situ observations are very important to characterize the ice-albedo feedback mechanism [e.g., Perovich et al., 2002; C. Wang et al., 2014] . However, from a large-scale modeling or for a climate perspective, the understanding of evolution of floe-scale albedo is not enough. For most parameterizations of sea ice albedo which have been established based on in situ measurements [e.g., Perovich et al., 2007a; Perovich and Polashenski, 2012] , their upscale applicability has not been fully validated because of the lack of basin-scale measurements. This highlights the value of satellite remote sensing observations. Using albedo data from the Clouds and Earth's Radiant Energy System (CERES) in combination with sea ice concentration derived from passive microwave measurements, estimates of sea ice albedo have been produced [Pistone et al., 2014] . However, the CERES albedo was only available from 2000 to 2011, which prevents us from obtaining the long-term changes. The surface black-sky albedo of Earth, i.e., the directional-hemispherical reflectance, has been retrieved using the measurements of the Advanced Very High Resolution Radiometer (AVHRR) by the Satellite Application Facility on Climate Monitoring (CMSAF) project. These data comprise part of the CMSAF clouds, Albedo and Radiation first release product family (CLARA-A1-SAL) [Riihel€ a et al., 2013a] . The CLARA albedo data set is available during spring-summer 1982-2009, which permits the exploration of both seasonal and long-term changes. The long-term change in the sea ice albedo for the entire Arctic Ocean has been obtained and analyzed using this data set by Riihel€ a et al. [2013b] . As an extension and complement, this study focused mainly on the seasonal evolution of sea ice albedo. At a local scale, seasonal evolution of ice albedo can be closely related to ice surface melting and ponding processes [Perovich et al., 2002; Perovich and Polashenski, 2012] . However, these relationships at basin scale have not been sufficiently discussed. The onsets of ice surface melt and refreezing can be determined by satellite passive microwave measurements [Markus et al., 2009] . The melt pond fraction can be retrieved from the Moderate Resolution Imaging Spectroradiometer (MODIS) optical measurements [R€ osel et al., 2012] . Both data benefit exploring the relationship between ice albedo and ice surface melting at basin scale.
The determination of partitioning of surface solar radiation is crucial for thoroughly understanding the interactions of solar radiation with the ice cover . Using the data of sea ice concentration and albedo, surface solar radiation can be classified into the part reflected by the Earth's surface and those inputs to the sea ice and open water separately [Perovich et al., 2007b [Perovich et al., ,2011 . In previous studies, this classification was determined using only the ice albedo parameterization derived from the measurements during the Surface Heat Budget of the Arctic (SHEBA) campaign. However, it can be expected that there would be some differences between floe-scale and basin-scale sea ice albedo. In this study, surface incident solar radiation was obtained from daily values of the European Centre for Medium-Range Weather Forecasts (ECMWF) ERA-Interim reanalyses. The satellite-derived ice concentration and albedo were used to estimate the portioning of surface solar radiation. The poleward gradient of the ice albedo and surface radiation portioning from the marginal ice zone to the pack ice zone was analyzed, which can be related to the difference in albedo between first-year and multiyear ice, and to the poleward gradients of ice surface ponding and open water fraction.
In general, the main objectives of this study are to quantify the long-term and seasonal changes in Arctic sea ice albedo and their relations to the sea ice surface melting and ponding at basin scale, which can provide new understanding for ice albedo parameterizations used in numerical models.
Data and Methods

Sea Ice Concentration and Albedo
The CLARA albedo has been determined in the clear-sky pixels after cloud masking and correction for topographic, anisotropic, and atmospheric effects in the observed surface radiance. This albedo is taken across a broad band of wavelengths of 250-2500 nm for snow-free surfaces and 350-2800 nm for snow surfaces
Journal of Geophysical Research: Oceans 10.1002/2016JC011831 [Riihel€ a et al., 2013a] , i.e., almost covering the entire spectral range of incident solar radiation. The data used here were the Arctic subset, with 25 km resolution provided on an equal-area polar grid. The CLARA data set is available from 1982 to 2009, providing products every 5 days throughout the period that receives solar insolation. It contains some pixels with missing data due to cloud effects, and therefore spatialtemporal gap filling was conducted using the method of Riihel€ a et al. [2013b] . Pixels with missing values constitute about 2.5% of the data obtained in our study region throughout the entire period. To explore the poleward gradient of ice albedo, the study region was divided into three subregions: 708N-748N, 748N-788N, and 788N-828N. In summer, the region 708N-748N can be defined as the marginal ice zone (MIZ) because sea ice in this region would melt completely for most years, while the region 788N-828N can be defined as the pack ice zone (PIZ) because the ice edge would not shrink into this region for most years [Xia et al., 2014] . The region 748N-788N is the transition zone. CLARA albedo is available in summer only until 3 September, 24 August, and 19 August for these three subregions because of the limitations of satellite viewing angle and sun zenith angle. According to the available period of CLARA albedo, the summer period is henceforth defined as May-August, if no other definition is offered.
Time series of the data from the Defense Meteorological Satellite Program Special Sensor Microwave/Imager (SSM/I), and both its predecessor (Scanning Multichannel Microwave Radiometer, SMMR) and its successor (Special Sensor Microwave Imager Sounders, SSMIS), have provided consistent information on sea ice concentration since 1979. Here we used the daily ice concentration retrieved using the Bootstrap (BST) algorithm [Comiso, 2000] , which has a spatial resolution of 25 3 25 km 2 and is called as the SSM/I BST ice concentration thereafter. Comparison to summer ship-based visual observations shows that both the bias and the error standard deviation of the SSM/I BST ice concentration are smaller or comparable with those obtained from the NASA/Team or NASA/Team 2 algorithm [Andersen et al., 2007; Beitsch et al., 2015] . The albedo (a) of a pixel comprising open water and sea ice can be defined as:
where C i and C w are the area fractions of sea ice and open water, and a i and a w are their albedos, respectively. Sea ice albedo can be estimated using the satellite-derived data of composite albedo and ice concentration because the albedo of open water can be set to a constant value of 0.07 [Pegau and Paulson, 2001] . To estimate sea ice albedo, only those pixels with an ice concentration of >15% were considered. The 5 day sampling window provides more cloud-free pixels for the retrieval of CLARA albedo and normalizes the influences of variations in sun zenith angle. However, this leads to the different sampling frequency between CLARA albedo and sea ice concentration. To calculate sea ice albedo, we used the daily sea ice concentration obtained from the middle day of each sampling period of CLARA albedo. Climatological averages of summer sea ice concentration, composite albedo, and sea ice albedo during 1982-2009 are shown in Figure 1 .
Comprehensive in situ observations of the sea ice albedo were conducted during the SHEBA campaign [Perovich et al., 2002] . The aerial observation showed that the melt pond fraction obtained from the 200 m albedo survey line of SHEBA has a close seasonal evolution with those of a local region of 50 3 50 km 2 [Perovich et al., 2002] . Therefore, the albedo averaged from this survey line has a high local representativeness. To assess the plausibility of the satellite-derived ice albedo, the data obtained at the grid cell containing SHEBA coordinates were compared with the SHEBA data. To determine the long-term change, the satellite-derived ice albedo obtained from four nearest pixels on a given day during 1982-2009 was spatially interpolated into the SHEBA locations using the inverse-distance weighting method. For the analysis of seasonal evolution, we focused on the period 1 May to 3 September because of the limitation of the CLARA data. The in situ measurements showed that sea ice albedo was nearly constant prior to May but then had large seasonal changes because of the formation, evolution, and refreezing of melt ponds [Perovich et al., 2002; Perovich and Polashenski, 2012] .
Melt Season and Melt Ponds
Based on the SSM/I brightness temperatures, Markus et al. [2009] defined four stages for the ice surface during the melting season: early melt (earliest observed melting), full melt (melting throughout), early freezeup (earliest observed freezing), and full freezeup (freezing throughout). The period between the full melt and early freezeup can be considered as the season of uninterrupted melt. We used this data set to characterize the relationship between the seasonal evolution of ice albedo and ice surface melting.
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The melt pond fraction is defined as the area ratio between melt pond and sea ice. Melt pond coverage can be obtained by scaling this fraction with the ice concentration. The melt pond fraction can be derived from the level 3 MODIS surface reflectance product using a spectral unmixing algorithm [R€ osel et al., 2012] . This product, available every 8 days from 18 May to 7 September (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) , was used to determine the relationship between the seasonal evolution of ice albedo and ice surface ponding. Since this data set is a composite of selected could-free pixels, to avoid low data quality, we selected only grid cells, which contain more than 50% cloud-free cases during one sampling period. After this filtration, pixels with missing values constitute about 10% in our study region throughout the entire study period. To fill up the gaps of small area (less than 12.5 km 2 ) caused by cloud filtering, we use the corresponding pixel from days before and after the relevant data as R€ osel et al. [2012] . Otherwise, the gaps of larger areas are neglected and masked, which constitute about 5% of the data. The difference of sampling frequency between MODIS melt pond and CLARA albedo would not be considered here, because the seasonal evolutions only will be qualitatively compared between two.
Reanalyzed Atmospheric Data
Incident solar radiation was obtained from the ECMWF ERA-Interim reanalysis data on a 1.58 regular grid. Combined with the satellite-derived sea ice albedo and concentration, the partitioning of surface solar radiation, including components of reflected by and input to sea ice and open water, could be obtained. Prior to the calculation, the ERA reanalysis data obtained from the regular grids are reprojected into the equalarea polar grids to match the data of albedo and sea ice concentration. The summer (May-August) NCEP/ NCAR Reanalysis 2 surface-level pressure data north of 708N were used to derive the empirical orthogonal function (EOF) modes. The Arctic Oscillation (AO) and the Dipole Anomaly (DA) correspond to the first and second leading modes of the EOF, respectively [Wang and Ikeda, 2000] . Here we have analyzed the empirical relationships between the long-term change in sea ice and its albedo and the summer AO/DA indices. This allowed us to explore the response of sea ice change to the atmospheric circulation.
The correlation between the variables was determined using the Pearson correlation analysis, while the statistical significance of all long-term trends was evaluated using a two-tailed Student's t test. 
Long-Term Changes in Sea Ice Concentration and Albedo
In both early summer (May-June) and late summer (July-August), sea ice concentration, composite albedo, and sea ice albedo all showed significant declining trends during 1982-2009 (Table 1) . However, the longterm trends for these variables had different seasonal patterns. The declining trend of sea ice concentration in late summer was stronger than in early summer, because sea ice concentration maintained relatively large values in the early summer of most years. The long-term average ice concentration during early summer in the region 708N-748N was 78%. In contrast, the long-term change of sea ice albedo in early summer was similar to late summer.
The long-term trend of sea ice loss and the decrease in the regional composite albedo in the region 748N-788N were stronger than in lower or higher latitudes. In lower latitudes, the seasonal retreat of sea ice was remarkable, even in the early years, whereas in higher latitudes, sea ice concentration remained relatively high into late summer, even until recent years. Compared with sea ice concentration, the long-term change in sea ice albedo showed different spatial dependence; i.e., it was stronger in lower latitudes. This could be attributed to the fact that the trend toward a longer melt season was stronger in the region 708N-748N than in higher latitudes.
The Pearson correlation analysis (Table 2) showed that the early summer long-term declining trend of the regional composite albedo depends more strongly on the decrease of the sea ice albedo than on the decline of sea ice concentration. This is because the decrease in sea ice albedo is already apparent in midMay, while sea ice concentration begins to decrease considerably later. In contrast, in late summer, the decline of sea ice concentration provides a comparable or larger contribution to the long-term trend of composite albedo, because the decline of sea ice concentration reaches its fastest rate in July-August. During 1 July to 19 August, the average sea ice concentration within the study region decreased by about 25% from 1982 to 2009. The average sea ice albedo decreased by about 0.12 or 20% (Figure 2 ). The joint contribution resulted in a decrease in the regional composite albedo by about 0.19 or 38%. The trends of regional composite albedo and sea ice albedo were about twice as large in magnitude relative to those of the entire Arctic Ocean [Riihel€ a et al., 2013b] .
Seasonal Evolution of Sea Ice Albedo
From the 1982-2009 climatology (Figure 3 ), we found that sea ice concentration remained relatively large (>88%) until 10 June. From then onward, it started to decrease gradually. Sea ice concentration reached a stable level of about 60% by mid-August. The decrease in sea ice albedo commenced earlier, i.e., on about 21 May. This decrease can be divided into two phases. In the first phase that lasted until early July, sea ice albedo decreased rapidly from 0.85 to 0.60. From early July to the end of August, sea ice albedo decreased Significance levels are shown as p < 0.001 (***), p < 0.01 (**), and p < 0.05 (*). 
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relatively slowly, because of the counteraction between the continued ice melt in low latitudes and the refreezing in high latitudes, which could be supported by the difference of the changes in sea ice albedo during this period among three subregions (will be discussed later). The regional composite albedo decreased more rapidly because of the loss of sea ice area.
By comparing the remotely sensed ice albedo with the SHEBA in situ data (Figure 4a ), we found that both albedos showed similar summer evolutions, i.e., starting to decrease gradually from about 20 May onward, reaching an annual minimum by about mid-July, and finally starting to increase again from about 20 July onward. The ice albedo derived from the remote sensing data was slightly larger than the average of the SHEBA outcome. Most of in situ SHEBA albedo was obtained on cloudy days [Perovich et al., 2002] . The albedo is 0.077 and 0.012 greater under overcast than under clear sky for snow-covered ice and melt pond, respectively [Grenfell and Perovich, 1984] . Taking into account the influence of clouds and assuming a melt pond fraction of 25%, the overcast albedo is about 0.06 larger than the clear-sky albedo. According to Pistone et al. [2014] , the all-sky albedo can be approximately estimated as:
where a as , a cs and a cld are all-sky, clear-sky and overcast albedos, and C is the cloud fraction. Using the climatology of Arctic cloud fraction of 75% in June-August obtained from satellite observations during 1982- 2004 , the all-sky albedo is about 0.045 greater than the clear-sky albedo. However, even considering such adjustments the remote sensing albedo was still within the one standard deviation of the SHEBA spatial variability along the 200 m survey line. Furthermore, aerial measurements showed that although the summer evolution of melt pond fraction obtained from the SHEBA 200 m albedo survey line was comparable with that obtained from the local region of 50 3 50 km 2 , the absolute magnitude of melt pond fraction in mid-July obtained from the survey line was 10% less than that obtained from the local region [Perovich et al., 2002] , which implies a difference of about 0.04 for the albedo of composite surface of snow-covered ice and melt pond. This can partly explain why remotely sensed ice albedo obtained from four nearest pixels ($50 3 50 km 2 ) was slightly larger than the average SHEBA albedo.
To obtain the long-term change of the summer sea ice albedo, we also interpolated the remotely sensed ice albedo of other years, using the data obtained from four nearest pixels, into the SHEBA locations ( Figure  4b ). Prior to 2007, ice albedo showed a similar seasonal evolution. However, an obvious change, which occurred after 2007, was the absence of a distinct increase of the ice albedo in late August. This can be attributed to the fact that most sea ice at the SHEBA locations would melt completely by the end of summer. Field experiments have shown that the albedo of first-year ice would decrease to about 0.2 prior to its complete melt [Perovich and Polashenski, 2012] . The SSM/I ice concentration data illuminates that more than 70% of the sea ice in the region 708N-748N in the study area melts completely by the end of the melt season, while more than 80% of the sea ice in the region 788N-828N survives the summer, as shown in Figure 5 . Therefore, most of the sea ice in the region 708N-748N can be classified as first-year ice, whereas most of the sea ice in the region 788N-828N can be classified as multiyear ice. To compare sea ice albedo with ice surface ponding, only data from 2000 to 2009 were used, because the MODIS-derived melt pond fraction was available only after 2000. As shown in Figure  6 , sea ice albedo in the region 708N-748N started to decrease from about mid-May, when the ice surface melt commenced. From then onto the end of August, ice albedo decreased rapidly from about 0.85 to 0.30 in conjunction with snow melting and the formation and evolution of melt ponds. From mid-May to midJune, melt pond fraction increased from less than 10% to about 28%, causing a rapid decrease in sea ice albedo. However, from late June onward, although melt pond fraction decreased gradually, sea ice albedo continued to decline. Therefore, the decrease in melt pond fraction could be attributed to the disintegration of floes in this region, but not to the refreezing of melt ponds.
Based on the observation of seasonal landfast ice in Barrow, Alaska, the seasonal evolution of ice albedo can be divided into seven phases: dry snow, melting snow, pond formation, pond drainage, pond evolution, open water, and freezeup [Perovich and Polashenski, 2012] (call as Parameterization-2012 thereafter). After the formation of melt ponds, the expansion and interconnection of a brine channel system within the sea ice induces surface water drainage and reduces the pond area . However, because of the large spatial and interannual variability, no episodic decrease in melt pond fraction could be identified from the satellite-derived results as shown in Figure 6 . Therefore, we adjusted the Parameterization-2012 by neglecting pond drainage. In addition, because this parameterization was based on observations in a relatively southerly region (718N), we halved the rate of decline of ice albedo due to the formation and evolution of melt ponds and tripled the rate of increase of ice albedo due to freezeup in autumn. The adjusted Parameterization-2012 is described in Table 3 . The seasonal evolution and value of sea ice albedo determined by the adjusted Parameterization-2012 was close to the satellite-derived value with maximal deviations of <0.05 (Figure 6a ). Here it is noted that we have no satellite-derived data to validate the parameterized ice albedo in the phases of complete melting and freezeup.
The decrease in sea ice albedo in higher latitudes was also strongly related to the onsets of ice surface melting and ponding. Because of the poleward delay of the onset in ice surface melting, the onset of the increase in melt pond coverage and the decrease in ice albedo showed delays in the regions of 748N-788N and 788N-828N compared with 708N-748N. In the region 788N-828N, sea ice albedo reached an annual minimum by mid-August, and then it showed an inconspicuous increase with the decrease in melt pond fraction. We infer that the regime resulting in the decrease in the pond area in higher latitudes from late August onward was the surface refreezing, caused by low air temperatures. It was different from the regime for the lower latitudes, which was mainly attributed to the disintegration of floe as mentioned above.
Here we also provide a simple parameterization to describe the summer evolution of sea ice albedo in the region 788N-828N, which has been adjusted in comparison with the parameterization based on the SHEBA measurements of multiyear ice [Perovich et al., 2007a] (called as Parameterization-2007 thereafter). Figure 4 shows that the rate of decline of the satellite-derived ice albedo was smaller than that of the SHEBA in situ data during the formation and evolution of melt ponds. Therefore, we adjusted the decline rate of the ice albedo during these phases to be half that of Parameterization-2007. The adjusted parameterization for multiyear ice albedo is described in Table 3 . Ice albedo determined by this parameterization was also very close to the satellite-derived data with maximal deviations of <0.12 (Figure 6c ).
Ice-Albedo Feedback
Ice-albedo feedback is positive and it can be described as the decrease of albedo that leads to increased absorption of solar radiation and strengthening of the ice melting, which further reduces the albedo [J. Wang et al., 2014] . In addition to the forcing of surface air temperature, the onset of ice surface melting is also modulated by snow accumulation during winter and the topography of the ice surface [Eicken et al., 2004; Grenfell and Perovich, 2004] . In our study region, the long-term trend of the onset of ice surface melting was statistically insignificant (Figure 7a ). This can be partly explained by that the main factors influencing the onset of ice surface melt, especially snow accumulation, are independent in the consecutive summers, although the thinning of sea ice was continuing. Furthermore, satellite observation shows that the spring (March-May) cloud fraction increased by 2.3% per decade from 1982 to 2004 . The increase of spring cloud would counteract partly the surface warming and hamper early onset of ice surface melt through reducing the incident radiation, which has been defined as the cloud cooling effect by Wang et al. [2012] . Consequently, the declining trend of ice albedo during the melt season was attributed mainly to the enhanced melting of the ice surface during summer rather than the early onset of melting. In contrast, the long-term trend of ice surface freezeup was statistically significant at the 99.9% confidence level (Figure 7b ), which can be attributed that the accumulated solar radiation within the ice-ocean system during the melt season would enhance the ice-albedo feedback in late summer. In statistics, the square of correlation coefficient can indicate the proportion of the variance in the dependent variable that is predictable from the independent variable [Glantz and Slinker, 1990] . Therefore, the declining trends of regional composite and sea ice albedos can explain the delayed timing of ice surface freezeup by 70% and 60%, respectively (Figures 7c and 7d ).
Portioning of Surface Solar Radiation
Because the seasonal evolution of sea ice albedo has changed significantly since 2007, we used the data of CLARA albedo, ERA-reanalysis radiation, and SSM/I ice concentration averaged over 2007-2009 to characterize quantitatively the portioning of solar radiation over the surface of the ice-ocean system. The radiations reflected by the ice-ocean system (F r ) can be described as:
where F in is the incident radiation. The inputs of radiation to the open water (F w ) and sea ice (F i ) are:
and
We note that the input of radiation to the sea ice includes the radiation absorbed by sea ice and that transmitted into upper ocean through the ice cover. The incident solar radiation reached its annual maximum at the summer solstice, following which it declined gradually with time. In addition to seasonal change, incident solar radiation was also modulated by variations of cloud cover and it showed high daily variability. Although it had a similar seasonal behavior in all the subregions, the partition of the solar radiation at the surface into absorption (at surface and below) and reflection components showed distinct patterns from south to north (Figure 8) . In all the subregions, the reflected radiation decreased gradually from June to August because of the decreases in insolation and the composite albedo. Although insolation was decreasing, the radiation absorbed by open water increased until the end of July and then remained stable to the 
Journal of Geophysical Research: Oceans
10.1002/2016JC011831
end of August, which can be attributed to the increase of the area of open water. In contrast, because the effect of ice area loss overwhelmed that of the decrease in ice albedo, the input of radiation to sea ice decreased distinctly from June to August in the region 708N-748N. However, in the region 788N-828N, the input of radiation to sea ice remained almost constant after the summer solstice. We infer that in this subregion, the effect of the decrease in ice area was counteracted by that of the decrease in ice albedo, in the case of the portioning of surface solar radiation, because less open water was produced there. Generally, solar radiation in the low latitudes was absorbed mainly by the open water, whereas in higher latitudes, it was absorbed mainly by melt ponds on the sea ice. This was consistent with the fact that the poleward decrease of ice bottom melt during summer was much larger than that of ice surface melt [Perovich and Richter-Menge, 2016] . for sea ice in summer). In the same period, the ice concentration and ice albedo decreased from 80% to 60% and from 0.65 to 0.52, respectively. Setting the ice albedo equal to the long-term average of 0.6, the decrease in ice area implied an increase of solar heat input of 172 MJÁm 22 . Setting the ice concentration equal to the long-term average of 70%, a decrease of ice albedo implied an increase of solar heat input of 149 MJÁm 22 . Because the effects of loss of sea ice area and decreased sea ice albedo might cancel each other, the solar heat input to the sea ice remained stable during 1982-2009; its trend was insignificant at the 95% confidence level.
In June, the long-term average daily incident solar radiation in the study region was 28. 
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August, respectively. The decreased composite albedo resulted in an increase of daily solar radiation input to the ice-ocean system by 3.2, 1.6, and 1.7 MJÁm 22 in these three periods, respectively. Therefore, because of the distinct annual cycle of incident solar radiation, the sensitivity of the absorption of solar radiation to the changes in composite albedo was higher in early summer than in late summer.
Discussions
Influence of Atmospheric Circulation Pattern on Arctic Sea Ice-Albedo Feedback
The ice-albedo feedback focuses mainly on thermodynamics, however, sea ice motion in terms of advection and deformation plays an important role in opening and closing of sea ice [e.g., Lepp€ aranta, 2011]. Sea ice dynamics are forced by winds and currents, which are mostly associated with atmospheric circulation patterns and mesoscale cyclones. Our study region is located upstream of the Transpolar Drift Stream (TDS) and, for the most part, it is within the Beaufort Gyre (BG). Thus, sea ice motion within this region can be influenced by both current systems. The intensities of the BG and TDS can be well explained by the two leading Arctic atmospheric circulation patterns, i.e., the AO and the DA [Wang et al., 2009; Lei et al., 2015 Lei et al., , 2016 .
A negative AO would enhance the advection of multiyear ice from north of the Canadian Arctic Archipelago to the study region because of anticyclonic wind anomalies [Kwok et al., 2013] . However, the multiyear ice might melt completely or drift further into the East Siberian Sea during the summer. Therefore, the polarity of the AO cannot provide an inevitable linkage to the sea ice retreat within the study region during summer. There was no significant correlation between the summer AO index and regional ice concentration. In contrast, the correlations between the summer DA index and regional ice concentration or composite albedo were statistically significant at the 99.9% confidence level (Figures 10a and 10b) . Under positive polarity of the DA, a greater amount of sea ice within the study region can drift northward and accumulate in the TDS system. Therefore, high positive polarity of the summer DA is related to reduced summer ice area and a lower composite albedo. Consequently, the open water absorbs more solar radiation, which then enhances the ice-albedo feedback. Even more interesting is that the correlation between the DA index and ice albedo in summer was significant at the 99.9% confidence level (Figure 10c ). This implies that high positive polarity of the summer DA is related to more obvious ice surface melting, which could be attributed to that the prevailing southerly winds bringing relatively warmer air masses into the region. Furthermore, the warm open waters would in turn warm the overlying atmosphere. Both these two regimes result in an increase in Arctic surface air temperature [J. Wang et al., 2014] , which leads to increases in surface longwave radiation and in turbulent heat fluxes that introduce additional ice surface melting [Zhang et al., 2008] . In two extreme years (2007 and 2008) , the summer DA indices were >0.5. These high positive polarities were To ice+water, R=0.833, P<0.001 To sea ice, R=0.026, P=0.894 To open water, R=0.746, P<0.001 (14 cases) were 66%, 0.42, and 0.57, respectively, all significantly lower than for negative polarity of the DA (14 cases), i.e., 74%, 0.48, and 0.61, respectively.
Limitations of the Data and Methods
The CLARA albedo data were available only until late August for the entire study region, which imposed the main limitation on the examination of the seasonal evolution of ice albedo, because information on the freezeup in early fall was unknown. This is not a trivial matter because albedo increases rapidly at that time, for both young ice and surviving multiyear ice. In addition, the CLARA albedo represents a clear-sky albedo. For the same surface, albedo can be influenced by external factors such as cloud fraction and solar zenith angle that change the incident solar spectrum [Grenfell and Perovich, 2008; Wang and Key, 2005] . The influence of solar zenith angle is unlikely to have any long-term trend. The cloud fraction in the regions north of 608N increased from 74.3% to 75.4% during 1982 75.4% during -2004 75.4% during [Wang et al., 2012 . The incident spectral irradiance weights the visible wavelength region more strongly compared with the infrared component on cloudy days. The wavelength-integrated albedo of sea ice is larger on cloudy days than on clear-sky days, with a difference of about 7% [Grenfell and Perovich, 1984] . Consequently, the increase of cloud fraction can induce a small increase in all-sky sea ice albedo based on the approximate calculation using equation (2) The accuracy of the satellite-derived sea ice albedo depends mainly on the quality of the estimated ice concentration and composite albedo. During winter, sea ice concentration can be estimated to an accuracy of 2-5% from satellite passive microwave data [Andersen et al., 2007] . However, during the melt season, this accuracy decreases significantly because of the weakening of open water-ice contrasts. Compared with ship-based measurements, the root-mean-square error of the SSM/I BST ice concentration in Antarctica is about 15% in summer [Beitsch et al., 2015] . In the Arctic Ocean, melt ponds are very likely interpreted as open water by passive microwave measurements, while the area of ice between ponds is generally overestimated [Kern et al., 2016] . These two effects might partly cancel each other out. However, when the melt pond coverage reaches a certain threshold, the sea ice concentration would generally be underestimated by passive microwave measurements [Andersen et al., 2007; Kern et al., 2016] .
To quantify the influence of uncertainty of ice concentration on the accuracy of the estimated ice albedo, we adjusted the ice concentration using an absolute increment of 25% to 10% for all pixels. The intention was to compensate the potential underestimation of passive microwave measurements by using a wider range of positive change from the measurements. We found that underestimated sea ice concentration would result in overestimated sea ice albedo (Figure 11a ). This effect would be enhanced with a decrease in ice concentration. The average sea ice concentration was lowest (39%) in the region 708N-748N in late summer (July-August). In this case, an increment of ice concentration from 25% to 10% resulted in the largest change in ice albedo of 0.159. In addition, the quality of the ice concentration product from passive microwave measurements is relatively poor in the MIZ because of large number of pixels that include mixed ice and water [Spreen et al., 2008] . Therefore, the influence of ice concentration on the accuracy of the estimated ice albedo would be furthermore strengthened. The overestimated ice albedo resulting from the underestimated ice concentration could partly explain why the satellite-derived ice albedo is generally larger than the SHEBA in situ data, when the melt pond fraction has reached its annual maximum.
The relative accuracy of the CLARA albedo, which is generally unbiased, is 5-15% [Riihel€ a et al., 2013b] . To perform a sensitivity analysis, we adjusted the albedo with relative increments from 210% to 10% for all pixels. An overestimated composite albedo would result in an overestimated ice albedo (Figure 11b ). The sensitivity would also be enhanced with a decrease of ice concentration or an increase of regional composite albedo, while the latter influence was stronger. Therefore, the increase in sea ice albedo due to the overestimated composite albedo was larger in early summer than in late summer for all subregions.
Generally, an underestimation of ice concentration by 10% results in an overestimation of sea ice albedo by about 0.08 in early summer and by 0.06-0.10 in late summer. A relative uncertainty of 10% in the CLARA albedo results in an uncertainty of ice albedo of about 0.08 in early summer and 0.06 in late summer. Therefore, the estimated ice albedo based on the data and method of this study can be considered acceptable, because the seasonal range of ice albedo is generally 3-6 times these uncertainties. However, our estimated annual minimum ice albedo might be overestimated because of the false interpretation of melt ponds by the satellite measurements.
To estimate the portioning of surface solar radiation, we used the clear-sky CLARA albedo instead of the allsky albedo. As mentioned above, overcast sea ice albedo is greater about 7% than the clear-sky albedo. For open water, whose albedo spectrum is essentially flat, the difference between overcast albedo and clearsky albedo is negligible . In June-July from 1982 to 2009, the daily averages of incident radiation, sea ice concentration, and clear-sky ice albedo were 24.5 MJÁm 22 , 78%, and 0.67, , the all-sky ice albedo is estimated to be 0.035 larger than the clear-sky ice albedo. In June-July from 1982 to 2009, the daily average input of radiation to sea ice are 6.3 and 5.7 MJÁm 22 , and the daily reflected radiations by the composite surface of ice and water are 13.1and 13.7 MJÁm 22 for using the clear-sky ice albedo and all-sky ice albedo, respectively. Therefore, the relative uncertainty of the portioning of surface solar radiation is about 5-10% due to using clear-sky ice albedo instead of all-sky ice albedo.
Conclusions and Summary
Using the SSM/I BST ice concentration and CLARA black-sky albedo, the long-term trends and seasonal evolutions of sea ice concentration, regional composite albedo, and sea ice albedo were obtained. Based on the above investigations, the following conclusions were drawn.
All these variables showed significant negative long-term trends. The trend of sea ice loss was more significant in late summer than in early summer, whereas the trend of decrease in sea ice albedo was rather uniform. In July-August 1982-2009, linear trends of composite albedo and sea ice albedo were 20.069 and 20.046 units per decade, i.e., both about twice those of the entire Arctic Ocean. Thus, the study region could be considered as a critical area for the Arctic ice-albedo feedback.
The decrease in composite albedo was more related to the decrease in sea ice albedo in early summer, which could be explained by the early onset of ice surface melt, rather than the onset of sea ice loss. In contrast, in late summer, the loss of sea ice area has more profound impact on the composite albedo decrease, due to the large difference in the albedos of open water and sea ice. Both the seasonal evolution and the magnitude of the satellite-derived ice albedo were very close to those derived from the SHEBA data, supporting the reliability of the satellite-derived information. When melt pond fraction reached its annual maximum, the satellite-derived ice albedo was slightly larger than the average in situ value. This was partly attributed to the measurement scale and partly to the potential underestimation of ice concentration by the passive microwave measurements under the presence of melt ponds. At the SHEBA geolocations, an identifiable change in sea ice albedo has occurred since 2007, which can be explained by the replacement of multiyear ice by first-year ice as well as the delayed refreezing.
Comparison with the satellite-derived ice albedo confirmed that the parameterizations of sea ice albedo established on the basis of in situ measurements by Perovich et al. [2007a] and Perovich and Polashenski [2012] are applicable not only for floe scale but also for basin scale. However, the seasonal range of parameterized ice albedo should be adjusted for different regions because the intensities of ice surface melting and ponding are likely to have large spatial variability.
The ice-albedo feedback, which is one of the major contributors to Arctic Amplification, is more intense in late summer than in early summer because of the accumulated solar heat within the ice-ocean system. Therefore, the long-term delaying trend of ice surface freezeup was stronger than the trend of earlier onset of ice surface melt. Changing sea ice conditions within the study region resulted in an increase of the total solar heat input to the ice-ocean system by 282 MJÁm 22 during 1 June to 19 August from 1982 to 2009, providing enough heat to reduce ice thickness by about 1.03 m. This potential increase of ice melting is larger than the climatological ice surface melting ($0.6 m) or ice bottom melting ($0.8 m) in the Beaufort Sea [Perovich and Richter-Menge, 2016] . The positive DA would bring warmer air masses into the region and advects the ice northward out of the region. Although the Arctic ice-albedo feedback involves multiple complex processes [J. Wang et al., 2014] and the atmospheric circulation pattern is not the major cause for Arctic albedo change, the positive DA would enhance the ice-albedo feedback in the study region through strengthening the interactions between ice dynamics and thermodynamics.
Due to the limitation of availability of CLARA albedo data, sea ice albedo during the refreezing phase cannot be obtained. Therefore, the combination of satellite-derived albedo and the in situ measured albedo is very necessary. The unmanned observation combining one sea ice mass balance buoy and one spectral radiation buoy is a good tool to acquire the data of radiation-ice interactions during the entire melt season [e.g., C. . The maximum uncertainty of the ice albedo was estimated to be <0.16 resulting from the uncertainties of the products of sea ice concentration and composite albedo, which is much smaller Journal of Geophysical Research: Oceans
10.1002/2016JC011831
than the seasonal range. Therefore, the seasonal evolution of sea ice albedo found in this study is unambiguous. Clouds would increase sea ice albedo. Using the clear-sky ice albedo instead of all-sky ice albedo to estimate portioning of surface radiation, the relative uncertainty is about 5-10%. However, the corresponding uncertainty on long-term change is insignificant because the long-term change in summer Arctic cloudiness is very small.
